between gene activity and RSC occupancy has not been highly conserved in the putative DNA recognition helix as determined by the structure of Dead Ringer (Iwahara established.
We have identified and characterized the Rsc9 proand Clubb, 1999). To localize the Rsc9 protein, we fused DNA encoding tein, a component of the RSC complex. The genomewide localization of Rsc9 revealed sites of occupancy the green fluorescent protein (GFP) to the C terminus of RSC9. The RSC9-GFP fusion is functional since it throughout the genome and implied that Rsc9 targets many genes regulated by stress. We subsequently obrestores growth in rsc9⌬ cells and since a full-length fusion can be detected by immunoblot analysis (data not served genome-wide changes in Rsc9 occupancy after treatment with rapamycin or hydrogen peroxide. Northshown). Rsc9-GFP localizes exclusively to the nucleus during all phases of the cell cycle ( Figure 1C ). ern analysis confirmed a role for Rsc9 in the repression and activation of TOR-regulated genes. The results illustrate a role for this chromatin-remodeling factor in the Identification of Rsc9 as a Stable Component transcriptional response to stress.
of the RSC Complex
To learn about the function of Rsc9, we performed a synthetic lethal screen with the rsc9-1 allele, intending Results to identify mutations that, in combination with rsc9-1, render cells inviable at 25ЊC. We identified two ex-RSC9 Encodes a Nuclear Protein tragenic recessive mutations that are lethal in combinawith a DNA Binding Domain tion with rsc9-1 (PSY2351, 2352; see Table 1 ). The muta-RSC9 was identified by genetic and biochemical methtions are in genes encoding two RSC members, Sth1 ods. The rsc9-1 mutant was isolated in a screen for and Rsc8. These results suggested that Rsc9 might be regulators of nuclear transport. In particular, we found a component of RSC. The sth1-101 allele has a T→C that the essential transport receptor (karyopherin) mutation in the coding strand, changing Leu122 to Ser Kap121 is trapped at the nuclear envelope in rsc9-1 in the protein sequence. The rsc8-1 allele has a G→A ( Figure 1A ; see also supplemental data at http://www. mutation, changing the conserved Glu348 to Lys. molecule.org/cgi/content/full/9/3/563/DCI). Cells harborBiochemical evidence for Rsc9 as a member of RSC ing the rsc9-1 mutation grow at 25ЊC, but 30ЊC incubawas acquired through purification, mass spectrometry, tion impairs growth, and temperatures above 34ЊC are and peptide sequencing. To identify Rsc9, the diffuse cytotoxic. The rsc9-1 mutation causes sensitivity to 15 66 kDa protein band was excised from an SDS-PAGE mM caffeine and 2% formamide and a moderate sengel of purified RSC (Figure 2A ), and peptides were sitivity to 150 mM hydroxyurea-three common rsc analyzed by MALDI-TOF mass spectrometry. Identificphenotypes-but does not cause altered sensitivity to ation of RSC9 as ORF YML127w was established by rapamycin (all at 25ЊC; data not shown). Homozygous mass fingerprinting of 11 peptides and Edman sequencrsc9-1 diploids have a sporulation defect, as does aning of the peptides CCFEPVQEAEFTZIxL and SIHTSL other rsc mutant (Yukawa et al., 1999).
ANFNVFQSLPK, which correspond to residues 401-418 We observed a cell division defect in rsc9-1, as indiand 57-73, respectively. cated by budding profiles of rsc9-1 cells. After a 6 hr To further characterize the association of Rsc9 with shift to 37ЊC, rsc9-1 cells accumulate as large-budded the RSC complex, we partially purified Rsc9 using an (52.5% compared to 6.3% of wild-type) and multibudRsc9 derivative tagged with protein A. Two experiments ded (18.0% compared to 0.3% of wild-type). DNA stainestablished that Rsc9 is tightly associated with RSC. ing showed that the buds of multibudded cells generally First, Rsc9 and other RSC components showed identical do not have nuclei, a common rsc phenotype. We perelution profiles from the cation exchange matrix SP (data formed FACS analysis on rsc9-1 cells and observed a not shown). Second, Rsc9-protein A and RSC composhift toward 2N and higher DNA content in rsc9-1 cells nents bind to an IgG sepharose column and are retained at 37ЊC but not 25ЊC ( Figure 1B) . after stringent washing ( Figure 2B ). These results estabThe rsc9-1 mutation maps to the previously uncharaclish Rsc9 as a stable component of RSC complex. terized open reading frame (ORF) YML127w, which we refer to as RSC9. Cells in which RSC9 is deleted are not viable (data not shown), indicating that RSC9 is essential
Genome-Wide Localization of Rsc9
The RSC complex is very abundant-estimated at 1000-for growth. The RSC9 gene encodes a 581 residue, 63 kDa protein ( Figure 1D ). The rsc9-1 allele has a 2000 copies per cell-and has the potential to act at a proportional number of loci. enrichment is the 74 th median percentile, similar to the cutoffs described above. The results from our genome-wide localization of Rsc9 are consistent with several data on the RSC complex.
We compared the rapamycin-and hydrogen peroxide-induced changes in Rsc9 occupancy at the genes For example, the levels of many stress-and TOR-regulated genes are affected in rsc3-2 and rsc30⌬, including in the above categories with the changes in their expression ( Figure 3B ). We used the 71 st median percentile as over 100 ribosomal-protein (RP) genes as well as PUT1, PRB1, SSA4, HSP12, HSP26, HSP30, TPI1, CUP5, the cutoff for defining Rsc9 occupancy. The expression data were taken from studies using the same experimen -COX5A, SOD1, TTR1, TRX2, TSA1, OYE3, SDH3, TDH3,  HOR7, HXT3, HXT4, We found that the relationship between change in gory increases with rapamycin when most of these genes are activated. In response to hydrogen peroxide, Rsc9 occupancy and change in expression depended on the functional category, suggesting distinct roles for both the occupancy and expression of the genes in this category change in the same direction as with rapaRsc9 at the respective promoters. The stress-induced decrease in occupancy at the ribosome-associated facmycin but not to the same extent. The similar changes of Rsc9 localization after both tors is concentrated in the cytoplasmic RP genes, which are repressed under stress. In contrast, while occutreatments suggested a general stress response but prompted us to ask whether the changes would occur pancy of the cell-stress genes also decreases, many of these genes are activated under stress. The NDP genes, from an unrelated treatment. To this end, we performed the genome-wide localization of Rsc9 after treatment which are activated by rapamycin, also show decreased occupancy after rapamycin treatment. Finally, occuwith the mating pheromone ␣ factor, which generally does not affect the expression levels of RP and cellpancy of genes in the mitochondrial localization cate- expression-occupancy relationships. We focused on genes regulated by the TOR pathway, since some genes targeted by Rsc9, including the NDP genes, are induced stress genes ( Figure 3B ). Following ␣ factor treatment, Rsc9 occupancy of the RP genes is still enriched, though by rapamycin but not hydrogen peroxide. Indeed, we found roles for Rsc9 in both the repression and activanot to the same extent as in untreated cells. Furthermore, occupancy of the cell-stress and NDP genes is tion of TOR-regulated genes, consistent with predictions from the genome-wide localization. comparable to untreated cells. There was some change but no significant enrichment in the mitochondrial localTo determine whether Rsc9 is involved in the repression of NDP genes, we examined the PUT1 and PRB1 ization category. In sum, the stress-induced changes in category-based enrichments are not observed with ␣ genes. Expression levels were compared in wild-type and rsc9-1 cells with or without rapamycin treatment. factor treatment.
In an alternative approach to analyzing the occupancy We found that PUT1 expression was 10-fold higher in untreated rsc9-1 compared to wild-type at 37ЊC (Figure data, we examined Rsc9 occupancy patterns at the genes affected by both rapamycin and ␣ factor. In total, 5, lanes 5 and 6). Following rapamycin treatment, levels of PUT1 were 4-fold higher in rsc9-1 at 37ЊC ( ). These results sugproportion comparable to that observed for the functional categories in Figure 3 . Since the expression of gest that RSC functions in the constitutive repression of PUT1 and PRB1. these particular genes is similarly affected by both rapamycin and ␣ factor, Rsc9 occupancy at these genes To determine whether Rsc9 is involved in the activation of genes in the mitochondrial localization category, should also be similarly affected if the occupancy data are meaningfully related to transcriptional regulation.
we examined the expression of SDH2, a gene in the TCA cycle. We found that the induction of SDH2 by Indeed, 71% (5/7) of the ORFs showing occupancy changes after rapamycin treatment also show changes rapamycin is not observed in rsc9-1. Expression of SDH2 increases nearly 2-fold in wild-type cells after after ␣ factor treatment, implying functional significance in the Rsc9 occupancy data. This analysis is both comrapamycin treatment, but is not induced at all in rsc9-1 (Figure 5, lanes 7 and 8) 
An Integrative Analysis of the Rsc9 The upregulation of ribosome synthesis upon the shift

Genome-Wide Localization back to 25ЊC enables defects in assembly and export
The relationship between RSC and the stress response to be visualized by nuclear accumulation of the reporter became evident from an analysis of Rsc9 genome-wide protein ( Figure 6A) . localization that considered categories of functionally Rpl11b-GFP mislocalizes to the nucleus in two RSC related genes. This approach provides a powerful mutants, rsc9-1 and sth1-101 ( Figure 6B ). These results means for interpreting genome-based data because of indicate that the biogenesis of the large ribosomal subits ability to integrate new data with the wealth of availunit is affected in these mutants. No defect in the ratio able information. Moreover, with this approach we could of free 60S:40S subunits or in rRNA processing was address two issues inherent in the data analysis for an observed in rsc9-1 or sth1-101 (data not shown). abundant general factor. First, the median percentile values corresponding to the maximum statistical enrichments provided a means of identifying a threshold for Defect of the rsc9-1 Mutant in rRNA Synthesis We also explored the role of RSC in ribosome biogenesis Rsc9 occupancy in the ranked list. (The bimodal distribution observed for some activators is not expected for a by investigating rRNA synthesis in rsc9-1. Wild-type and rsc9-1 cells were labeled for 3 min with 3 H-methionine, general factor that occupies many more sites.) Second, the category-based analysis provided a broad perspecwhich is incorporated primarily into rRNA (and to a small degree into mRNA and tRNA). Total RNA was isolated, tive from which to identify trends in the data. The approach also reduces the consequences of false posiand the amount of newly synthesized rRNA was calculated by taking the ratio of radioactive counts (rRNA) to tives and false negatives that are inevitable in genomics data by generating statistics to describe each enrich-OD 260 (total RNA). This approach allows an approximate measurement of rRNA synthesis in vivo; however, mutament and by not focusing on individual genes. Our studies have focused on Rsc9, but independent tions affecting transcription versus methylation cannot be distinguished.
observations suggest that the connection to the stress response also involves other RSC components. First, Shifting wild-type cells to 37ЊC causes a temporary decrease in ribosome biogenesis (Warner, 1989), but expression profiling of rsc3-2 and rsc30⌬ showed that the levels of many stress-and TOR-regulated genes are the cells recover and increase rRNA synthesis after a 3 hr shift ( Figure 6C ). In contrast, rRNA synthesis in rsc9-1 affected (see Results). Second, the occupancy of Rsc9 at CHA1 is consistent with previous results for Rsc8 is reduced at this time point ( Figure 6C) . Cells harboring the unrelated temperature-sensitive mutation npl3-1 do and Sth1. Third, the defect in ribosome biogenesis is observed for both rsc9-1 and sth1-101. However, the not show this defect. These results further indicate that RSC plays a role in ribosome biogenesis, a principal results technically apply only to Rsc9, and the stress response might involve only a subset of RSC complexes. target of the stress response. 
Discussion
